The changes in the components of the ascorbateglutathione system during the storage of potato {Solanum tuberosum L. cv. Spunta) tubers for 40 weeks at both 3 C and 9 C were studied in relation to lipid peroxidation. The level of malondialdehyde was found to be higher at 3 C than at 9 C throughout storage. Thus, lipid peroxidation, which is the main cause of membrane deterioration, was accelerated at the lower temperature. Catalase activity increased throughout storage independently of temperature. The ascorbate content of tubers decreased during storage both at 3°C and at 9°C, as in other ageing processes. However, ascorbate peroxidase activity reached a maximum after about 8 weeks of storage, then declined at 9°C, but held a higher level at 3°C. The dehydroascorbic content also reached a maximum after about 8 weeks and was significantly higher in tubers stored at 3 C. These findings indicate a greater utilization of ascorbate by ascorbate peroxidase at the lower temperature. Ascorbate free radical reductase, dehydroascorbate reductase and glutathione reductase, the enzymes involved in the regeneration of ascorbate, were not affected by temperature and remained quite unchanged throughout storage. It can be concluded that the ascorbate system is involved in the scavenging of the free-radicals responsible for lipid peroxidation in stored potato tubers, at least at low temperatures and in the first period of storage.
Introduction
Long-term storage of potato tubers normally leads to so-called 'senescent sweetening' and storage at temperatures lower than about 7 °C leads to 'low-temperature sweetening', both resulting from the conversion of starch to sugars such as sucrose, glucose, and fructose (Tsherwood, 1976) . Senescent sweetening is caused by progressive loss of membrane integrity during storage, which is correlated with the increase in saturation of membrane lipids (Knowles and Knowles, 1989) . Likewise changes in the amyloplast membrane structure are reported to be involved in low-temperature sweetening in which the low temperature stress induces the same effects on amyloplast membranes as those induced by ageing (O'Donoghue et ai, 1995) . The mechanism of membrane deterioration during ageing has been recently reviewed (Paliyath and Droillard, 1992) . The loss of membrane integrity during the ageing of potato tubers has been correlated with increased lipid peroxidation caused by build-up of free radicals (Kumar and Knowles, 1993) as it has during the ageing of both plant tissues (Thompson et ai, 1987) and seeds (Sung and Chiu, 1995) .
Various antioxidant systems have been studied as possible defences against free radical-mediated damage during ageing (Borraccino et ai, 1994; De Lorenzo et al., 1994; Bartoli et ai, 1995; Sung and Chiu, 1995) . Some of them have also been studied in potato tubers during both long-term and low-temperature storage (Mikitzel and Knowles, 1989; Spychalla and Desborough, 1990; Kumar and Knowles, 1993) as well as under other stress conditions (Monk-Talbot et ai, 1991) . For instance, Spychalla and Desborough (1990) found both lowtemperature and time-dependent increases of such enzymic antioxidants as superoxide dismutase and catalase as well as of the non-enzymic antioxidant a-tocopherol (vitamin E) during the storage of potato tubers for 40 weeks at two different temperatures (3°C and 9°C). These increases were correlated with the reported increase of lipid peroxidation in potato tubers (Lojkowska and Holubowska, 1989) and, thus, with increased production of reactive oxygen species.
In a recent study a direct role of the ascorbateglutathione system in delaying the senescence of detached oat leaf segments was proposed (Borraccino et al., 1994) . In fact, it was found that senescence was characterized by a decrease in both ascorbate (AsA) level and AsAperoxidase activity and that conditions which induced AsA biosynthesis and accumulation resulted in decreased lipid peroxidation. The ascorbate-glutathione pathway has been implicated in the scavenging of reactive oxygen species and free radicals both in chloroplasts (Foyer and Harbinson, 1994) and in the cytosol (Asada, 1992) . In potato tubers various enzymes of the ascorbateglutathione pathway have been found and characterized, namely AsA-peroxidase (Elia et al., 1992) , ascorbate free radical reductase (AFR-reductase; Borraccino et al., 1986; De Leonardis et al., 1995) , and dehydroascorbate reductase (DHA-reductase; Dipierro and Borraccino, 1991) . The objective of the present study was to determine changes in the ascorbate-glutathione system in potato tubers during long-term and low-temperature storage.
Material and methods

Storage of potato tubers
Potato {Solarium tuberosum L. cv. Spunta) tubers were directly harvested in the field, placed in wooden crates and kept in darkness for 2 weeks prior to dividing them into two lots, one of which was stored at 3°C and the other at 9°C. Before storage tubers were sprayed with the sprout inhibitor isopropylAf-(3-chloro-phenyl) carbamate (CIPC). This treatment was identical to that reported by Spychalla and Desborough (1990) . At intervals of 2 weeks triplicate samples of each lot were taken and assayed for malondialdehyde (MDA), AsA, DHA, catalase, AsA-peroxidase, guaiacol peroxidase, AFR-reductase, DHAreductase, and glutathione reductase. Since the loss of water of the tubers was negligible under the storage conditions used, the results were related to fresh weight and plotted as mean values plus s.e.m.
Enzyme extraction and assay
Each sample of tuber tissue (about 30 g) was homogenized at 4°C for 12 s with a Polytron homogenizer at 50% full speed in 30 ml of 0.2 M phosphate buffer pH 7.3 containing 1 mM EDTA, 1 mM AsA and 2 mM 2-mercaptoethanol. The homogenate was rapidly filtered and then centrifuged at 20 000 g for 15min. The supernatant was used for enzyme assays and protein determination. Catalase activity was assayed measuring the rate of decrease of the absorbance of hydrogen peroxide at 240 am (t = 39.4 M ~' cm"') in 3 ml of 0.2 M phosphate buffer pH 7 containing an aliquot of supernatant and 4 mM hydrogen peroxide (Beaumont et al., 1990) . AsA-peroxidase and guaiacol peroxidase activities were separately and specifically assayed by a method derived from Amako et al., (1994) . The rate of decrease of the absorbance of AsA at 290 nm (e = 2.8 mM"
1 cm" 1 ) was measured in 3 ml of a reaction mixture containing an aliquot of supernatant, 0.5 mM AsA and 0.1 mM hydrogen peroxide in 50 mM phosphate buffer pH 7. AsAperoxidase activity was obtained by subtracting from this rate that measured after preincubating the reaction mixture with 50/^M />-hydroxymercuribenzoate (p-HMB). After AsA had been replaced by 20 mM guaiacol and the reaction mixture preincubated with 50 fiM p-HMB, guaiacol peroxidase activity was measured at 470 nm (<r = 26.6 mM "'cm" 1 ). AFR-reductase activity was assayed by measuring the rate of decrease of the absorbance of NADH at 340 nm (<r = 5.4 mM "'cm" 1 ) in 1 ml of tricine-NaOH buffer containing an aliquot of supernatant, 0.2 mM NADH, 1 mM AsA and 0.17 U AsA-oxidase (De Leonardis et al., 1995) . DHA-reductase activity was assayed by measuring the rate of increase of the absorbance of AsA at 265 nm (*= 14 mM" 1 cm" 1 ) in 3 ml of 0.1 M citrate buffer pH 6.2 containing an aliquot of supernatant, 2 mM DHA and 4 mM reduced glutathione (Dipierro and Borraccino, 1991) . Glutathione reductase activity was assayed by measuring the rate of decrease of the absorbance of NADPH at 340 nm (<; = 6.2mM" 1 cm" 1 ) in lml of 0.1 M phosphate buffer pH 7 containing an aliquot of supernatant, 0.1 mM EDTA, 0.1 mM NADPH and 1 mM oxidized glutathione (Bielawski and Joy, 1986) . All enzyme assays were carried out at 25 °C. Protein concentrations were determined by the method of Lowry et al. (1951) using BSA as a standard.
MDA determination
The level of lipid peroxidation was measured according to Heath and Packer (1968) . MDA content was determined by the thiobarbituric acid (TBA) reaction. About 1 g of each sample was homogenized in 5 ml of 0.1% TCA. The homogenate was centrifuged at 20000g for lOmin. A 1 ml aliquot of the supernatant was throughly mixed with 4 ml of 20% TCA containing 0.5% TBA. The mixture was heated at 95 °C for 30 min and then quickly cooled in an ice-bath. After centrifugation at 20 000 g for 10 min the absorbance of the supernatant at 532 nm was recorded and corrected for the non-specific absorbtion at 600 nm. The MDA concentration was calculated using the extinction coefficient 155 mM" 1 cm" 1 .
AsA and DHA determination
In order to assay for AsA and DHA content, about 2 g of each sample was homogenized in 3.5 ml of 5% metaphosphoric acid. The homogenate was centrifuged at 20 000 g for 10 min and the supernatant used to determine AsA, according to Liso et al. (1984) , and DHA according to Roe and Oesterling (1944) .
Results
The experiments were performed under conditions similar to those reported by Spychalla and Desborough (1990) and an increase in catalase activity during the storage of tubers at both 3°C and 9°C up to 40 weeks was also found (Fig. 1A) . In addition, lipid peroxidation was studied by measuring the level of MDA and, as shown in Fig. IB , a higher level of MDA was found at 3 °C than at 9°C throughout storage. At 9°C the level of MDA did not change significantly throughout storage from a value of approximately 5 nmol g" 1 fr. wt. at the start of the experiment. On the other hand, at 3°C the level of MDA fluctuated for 10-12 weeks and then increased from approximately 6-12 nmol g" 1 fr. wt. at the end of the experiment. These findings were in accordance with weeks Fig. 1 . Changes of (A) catalase activity (^kat g" 1 fr. wt.), (B) MDA (nmol g" 1 fr. wt.), (C) AsA (nmol g ' fr. wt.), (D) AsA-peroxidase activity (nkat g" 1 fr. wt.), (E) DHA (nmol g" 1 fr wt.), and (F) guaiacol peroxidase activity (nkat g" 1 fr. wt.) during storage of potato tubers at 3°C (-•-) and 9°C (-•-). Storage was started 2 weeks after the harvest of potatoes.
those of Lojkowska and Holubowska (1989) and Kumar and Knowles(1993) .
The AsA content of stored tubers decreased to about 25% of the initial content within 20-24 weeks. The decrease was not affected by temperature (Fig. 1C) . AsAperoxidase activity reached a maximum after about 8 weeks of storage, then declined in tubers stored at 9 °C, but held a higher level in tubers stored at 3°C (Fig. ID) . The DHA levels at both temperatures reached a maximum after about 8 weeks followed by a general decrease. However, the DHA content of the tubers stored at 3 °C was significantly higher than at 9 °C (Fig. IE) . Peroxidase activity not specific for AsA also reached a m; 40 after about 8 weeks and then declined to very lo (Fig. IF) . This was in agreement with the results r by Nowak (1977) . Furthermore, non-specific pei 30 activity did not seem to be affected by temperature.
The enzymes involved in the regeneration of A also studied. AFR-reductase activity, which wa minimum at the beginning of the storage period, a higher value within 8-10 weeks and r< unchanged throughout the following weeks of (Fig. 2A) . DHA-reductase activity was initially hi decreased for about 12 weeks before increasin during the subsequent period of storage (F Glutathione reductase activity was high in the firs 30 then decreased to very low levels with no further ant change (Fig. 2C) . Neither AFR-reductase no reductase nor glutathione reductase activities we ted by storage temperature. 
Discussion
The age-related sweetening of potato tubers h reported to be due to the progressive deterion amyloplast membranes which occurs during th cence of the tubers and favours the hydrolysis o (Sowokinos et ai, 1987) . Free radical-induced lipii idation is one of the main causes of membrane dc tion in senescing plant tissues (Thompson et ai, well as in stored potato tubers (Kumar and K 1993) . Higher levels of MDA were found during at 3 °C than at 9 °C. Since the level of MDA is a of the entity of lipid peroxidation, it can be infer low temperature stress adds to the effects of pr storage. Consistent with the results of SpychE Desborough (1990), increasing catalase activity storage both at 3 C C and at 9 C C was also fou catalase activity was not influenced by temperatu A slow decrease in AsA occurred during the st< potato tubers and was not dependent on temp The decrease of AsA seems a common feature < senescence (Borraccino et a I., 1994) , which cor to diminishing the defences of tissues against free mediated damage. A similar decrease of AsA-pei would have been expected, also taking into account mai AsA-peroxidase has been reported to lose its activity in the absence of the electron donor (Asada, 1992). However, it was found that AsA-peroxidase reached its maximum activity after about 8 weeks and then decreased at 9 °C, but remained higher and did not decrease at 3 C C. On the other hand, non-specific peroxidase activity reached a maximum after about 8 weeks and then declined to very low levels which were unaffected by temperature. weeks. This is symptomatic of the greater utilization of AsA by AsA-peroxidase at 3 °C.
The AsA regenerating enzymes do not seem to be affected by temperature. Both AFR-reductase and DHAreductase activity did not undergo significant changes throughout the storage period at both temperatures, while glutathione reductase activity declined to very low levels after 8-10 weeks.
It is concluded that the ascorbate system is involved in the scavenging of the free radicals responsible for lipid peroxidation of potato tubers stored at low temperatures, mainly in the first weeks of storage. The effectiveness of the system seems to decrease as the level of AsA becomes lower. However, this and other scavenging systems are only able to delay the peroxidative damage which seems to cause the progressive loss of membrane integrity in potato tubers.
